The study aimed to investigate if assisted reproductive technology (ART) treatment or a diagnosis of infertility were associated with the risk of ovarian cancer or borderline ovarian tumors (BOT) in parous women. In a population-based register study of 1,340,097 women with a first live birth in Sweden 1982-2012, the relationship between ART treatments, infertility and incidence of ovarian cancer or BOT were investigated using Cox regression analysis. In the cohort, 38,025 women gave birth following ART, 49,208 following an infertility diagnosis but no ART and 1,252,864 without infertility diagnosis or ART. During follow-up, 991 women were diagnosed with ovarian cancer and 747 with BOT. Women who gave birth following ART had higher incidence of both ovarian cancer (adjusted hazard ratio [aHR] 2.43, 95% confidence interval [CI] 1.73-3.42) and BOT (aHR 1.91, 95% CI 1.27-2.86), compared to women without infertility. Compared to women with infertility diagnoses and non-ART births, women with ART births also had a higher incidence of ovarian cancer (aHR 1.79, 95% CI 1.18-2.71) and BOT (aHR 1.48, 95% CI 0.90-2.44). Our results suggest that women who have gone through ART have a higher risk of ovarian cancer and BOT. At least part of that risk seems to be due to the underlying infertility and not the treatment per se, since the increased risk was smaller when comparing to other infertile women. As ART treatments are becoming more common and ovarian cancer usually occur in women of advanced age, larger studies with longer follow-up are needed in order to confirm or refute our findings.
Introduction
Assisted reproductive technology (ART) treatments apply to the systemic use of high doses of gonadotropins to stimulate multiple ovarian follicle recruitment and the subsequent puncturing of the ovaries for aspiration of mature oocytes. As the treatments increase endogenous estrogen levels and ovarian cell proliferation, ART has been suspected to influence the risk of ovarian cancer [1] .
Ovarian cancer is a rare and life-threatening disease, accounting for 3.6% of incident cancers and 4.3% of cancerspecific mortality among women worldwide [2] . Risk factors for ovarian cancer include nulliparity, early menarche, late menopause and ovarian cancer in first degree relatives [3] , while increasing age at first birth is negatively associated with ovarian cancer risk [4, 5] . Some studies have also found an increased risk of ovarian cancer among women 1 3 with endometriosis [6] [7] [8] , irregular menstruation [9] , and women evaluated for infertility [10, 11] .
Several studies have investigated the risk for ovarian cancer in women who have gone through ART with inconclusive results. Most studies to date have compared the risk of ovarian cancer after ART to that of the general population [12] [13] [14] [15] [16] [17] [18] . While three of these studies reported an increased risk among women treated with ART [13, 16, 18] , it is unclear whether these associations were due to the treatments or the infertility per se. In studies comparing ovarian cancer risk after ART to the risk in other infertile women, the results have been equally inconclusive [7, 19, 20] .
Some previous studies have also found an increased risk of borderline ovarian tumors (BOT) following ART [12, 18, 20, 21] . These tumors are more common in younger women and have a better prognosis than ovarian cancer [22] .
The objective of the present population-based cohort study was to investigate the associations between ART and the incidence of invasive ovarian cancer and borderline tumors, and the role of the underlying infertility for the studied associations.
Materials and methods

Study population
The study cohort included all women who had their first live birth between 1982 and 2012 recorded in the population-based Swedish Multi-Generation Register (MGR) (n = 1,535,678). The MGR links all parents and children born since 1932 and residing in Sweden 1961 or later [23] . We used the personal identification number assigned to all Swedish residents for linking the MGR to other Swedish registers.
Women with invalid personal identity numbers (n = 1876), not residing in Sweden at the start of follow-up (n = 189,110), diagnosed with any malignant disease before start of follow-up (n = 4481) or with bilateral oophorectomy before start of follow-up (n = 114) were excluded from the study population, leaving a cohort of 1,340,097 women. Only women with complete information on all covariates were included in the analyses (n = 1,315,924). In the analyses of BOT incidence, 183 women who were diagnosed with a BOT before start of follow-up were also excluded.
Exposure information
Infertility, defined as trying to conceive for at least 1 year without success, is normally diagnosed in couples who seek medical help to have a child. Women diagnosed with infertility (International Classification of Diseases [ICD] version 7 code 636; ICD-8 628; ICD-9 628; ICD-10 N97) were identified using the National Patient Register, where in-patient care has been recorded since 1964 and specialist out-patient care since 2001 [24] .
Information on ART cycles that resulted in a live birth was obtained from the Swedish National Board of Health and Welfare, which recorded information from all ART clinics in Sweden during the years 1982-2006. Since 2007 all ART cycles have been recorded in the National Quality Registry of Assisted Reproductive Technology (Q-IVF).
Using the Q-IVF information, ART births following fresh and frozen embryo transfers from standard in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) were identified between 2007 and 2012. Ovarian stimulation for ART has been performed with gonadotropins alone in Sweden since the mid-1990s, before which clomiphene citrate (alone or in combination with gonadotropins) was also used [16] .
Ovarian cancer and borderline ovarian tumors (BOT)
Since 1958, diagnoses of cancer in all Swedish residents have been recorded in the Swedish Cancer Register (SCR). The register includes date of diagnosis, hospital, tumor site coded using the 7th and current version of ICD and morphology using the WHO/HS/CANC/24.1 histology codes [25] . Since 1993 histology is also coded using ICD-O/2 codes. The estimated completeness of the SCR for solid tumors is over 95% [26] .
In the present study, ovarian cancers were defined as morphologically verified malignant tumors of the ovary, fallopian tube and broad ligaments (ICD-7 175), or peritoneum (ICD-7 158). For cases diagnosed 1993 or later, subtypes of ovarian cancer were defined according to ICD-O/2 codes as serous, mucinous, endometrioid, clear-cell, other or unspecified carcinoma, and non-epithelial tumors. Borderline ovarian tumors were defined according to ICD-7 175 and histology code 094/b. Women with a first diagnosis of ovarian cancer or BOT during follow-up were considered cases. Women with any diagnosis of malignant disease (ICD-7 140-205) before start of follow-up were excluded, and those with a malignant disease other than ovarian during the study period were censored at date of diagnosis. By combining information in the MGR with the SCR, family history of cancer was defined as having a biological mother or sister with breast or ovarian cancer.
Covariates
The woman's parity and birthdate of each child was obtained by combining information in the MGR and the Total Population Register. The Medical Birth Register (MBR) was used to obtain gestational length, smoking during the first trimester of pregnancy, height, pre-pregnancy weight and previous still births. Date of conception was calculated by subtracting the gestational length from the date of childbirth. Where gestational length was missing (142,598 births to 124,524 women), 280 days was used. Body mass index (BMI) was calculated from height and pre-pregnancy weight as kg/m 2 .
From the Total Population Register we obtained each woman's date and country of birth as well as any migrations in or out of Sweden. Date of death was obtained from the Cause of Death Register and highest attained education level from the Education Register. The National Patient Register was used to identify women who had gone through bilateral oophorectomy, salpingectomy, and hysterectomy.
Statistical analyses
Person-time at risk was accrued from the date of conception of the first live birth until the date of first ovarian cancer diagnosis, or censoring at date of other cancer diagnosis, death, emigration, start of pregnancy with fourth child, bilateral oophorectomy, 60th birthday or the end of follow-up in December 2012, whichever occurred first. The followup was restricted to before age 60, since no ART exposed woman had ovarian cancer or BOT after age 60. Similarly, to simplify the analysis, the follow-up was restricted to women with at most three children, since all but one case of ovarian cancer and one case of BOT occurred in women with less than four children. In the analysis of BOT incidence, follow-up time was also censored at date of ovarian cancer diagnosis. Women diagnosed with BOT and ovarian cancer on the same date were only counted as ovarian cancer cases (n = 5). Women diagnosed first with BOT and later with ovarian cancer were included as cases in both analyses (n = 4). Oophorectomy performed up to 60 days before diagnosis date of ovarian cancer (n = 42) or BOT (n = 36) was considered related to the tumor and not used for censoring in the respective analyses.
Cox proportional hazard models were used to estimate hazard ratios (HRs, which can be interpreted as incidence rate ratios), with 95% CIs for ovarian cancer and BOT, respectively, using attained age as the timescale. The main models compared incidence rates among women with ART birth and among women with infertility diagnoses but no ART to that of women with neither an infertility diagnosis nor ART. In order to assess confounding by the underlying infertility, HRs were also estimated using women with infertility diagnoses but no ART as the reference category.
Having an ART birth was entered into the models as a time-dependent exposure, i.e. women changed exposure category from the date of conception of an ART birth and were considered exposed to ART thereafter. Women who had a spontaneous (non-ART) birth prior to ART contributed person-time to first the unexposed and then the exposed group. Women with non-ART births were subdivided into two groups; with and without any diagnosis of infertility before end of follow-up.
Parity, calendar time (split into 10-year intervals), salpingectomy, and hysterectomy were included in the models as time-dependent covariates. Age at first birth, country of birth, education level, and family history of cancer were included as fixed covariates. The proportional hazards assumption was assessed using tests based on Schoenfeld residuals, and fulfilled for both outcomes BOT and ovarian cancer. There was no power to assess time-varying effects by recency of ART exposure.
To investigate associations with specific cancer subtypes, we performed separate analyses for each subtype of ovarian cancer while censoring at the other tumor types. In these analyses, follow-up started in January 1st 1993 or later.
For both outcomes, we performed five separate sensitivity analyses. First, we separated infertility diagnoses and ART treatments given before and after first birth to investigate potential differences between primary and secondary infertility. The interactions were assessed using likelihood ratio tests comparing these models to the main models. Secondly, we excluded cases and person-time during the first year of follow-up. Thirdly, we included BMI before the first pregnancy resulting in a live birth (index pregnancy) as a fixed covariate. Fourthly, we included smoking during index pregnancy in the same manner. For comparison, the age-adjusted and main multivariable adjusted models were also rerun in the subpopulations of women with information on BMI and smoking, respectively. Lastly, we excluded women born in non-Nordic countries since there may be different incidence rates of ovarian tumors in different populations.
Data was prepared using SAS software (version 9.4, SAS Institute Inc., Cary, N.C., USA) and statistical analyses performed using Stata (StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC). All tests were two-sided with a significance level of 5%.
The Ethical Review Board in Stockholm, Sweden approved this study (ethical approval 2013/1849-31/2, amendment 2014/118-32).
Results
Of the 1,340,097 parous women in the cohort, 991 women were diagnosed with ovarian cancer. More than 80% of the ovarian cancers were epithelial (n = 798). A small number of cancers were of peritoneal (n = 21), tubal (n = 31), and unspecified ovarian origin (n = 2). The mean age at ovarian cancer diagnosis was 44.2 years among women with ART birth, 44.8 years among women with infertility diagnoses and 42.5 years among women with no infertility diagnosis or ART birth. Among the 1,339,914 women with no BOT before follow-up start, 747 women were diagnosed with BOT. The mean age at BOT diagnosis was 41.6 years, 40.4 years and 39.8 years in the three exposure groups, respectively. The mean follow-up length was 9.5 years for women with ART birth, 13.2 years for women with infertility diagnoses and 14.6 years for women with no infertility diagnosis or ART birth. The crude incidence rate was 10.7 ovarian cancer cases per 100,000 person-years in women with ART birth, 8.7 in women with infertility diagnoses and 4.9 in women with no infertility diagnosis or ART birth. The corresponding rates of BOT were 8.8, 7.0 and 3.7 cases per 100,000 person-years, respectively.
Population characteristics
Population characteristics are presented in Table 1 . Nearly half of the women with ART births were born 1970-1979, while they were less likely to be born before 1960 and after 1980 compared to women with no ART birth. In the National Patient Register data available, 66.3% of women with ART birth and 3.8% of all women with no ART birth had at least one diagnosis of infertility. The majority of infertility diagnoses and ART treatments were given prior to the first childbirth. Compared to women with no ART births, women with ART births were more highly educated, while there was no difference in geographical origin or family history of cancer between the three groups. Women with infertility diagnoses and/or ART-births were older at their first birth and had fewer children at end of follow-up. Women with ART births were less likely to smoke during pregnancy and more likely to have higher BMI. BMI was also higher among women with infertility diagnoses and non-ART birth compared to women with no infertility diagnosis. Salpingectomy was more common among women with ART-births and women with infertility diagnoses were more likely to go through both salpingectomy and hysterectomy during follow-up. Women with ART-births and women with infertility diagnoses were also more likely to have had a still birth before their first live birth. The characteristics were similar when restricting to women with no BOT before follow-up start ( Supplementary table 1 ).
Association between ART and incidence of ovarian cancer
In the age-adjusted analysis, the incidence of ovarian cancer was increased in women with infertility diagnoses (HR 1.46, 95% CI 1.11-1.91) and in women with ART births (HR 2.17, 95% CI 1.57-2.99) compared to women with no infertility diagnosis ( Table 2 ). After adjusting for potential confounders, the risk was slightly attenuated in women with infertility diagnoses (aHR 1.36, 95% CI 1.03-1.79) but higher in women with ART births (aHR 2.43, 95% CI 1.73-3.42). When women with infertility diagnoses and non-ART birth were the reference group, the incidence of ovarian cancer was higher among women with ART births in the multivariable analysis (aHR 1.79, 95% CI 1.18-2.71). In stratified analyses (Supplementary table 2) , primary infertility seemed to be associated with a higher incidence of ovarian cancer (aHR 1.46, 95% CI 1.07-2.01) than secondary infertility (aHR 1.13, 95% CI 0.67-1.92), although the confidence intervals were overlapping. Ovarian cancer incidence was similar in women with ART for first birth (aHR 2.45, 95% CI 1.71-3.51) and for subsequent birth only (aHR 2.38, 95% CI 0.89-6.39).
Analyses separated by cancer subtype are presented in Supplementary table 3, among the women followed from 1993 (n = 1,318,439, 98.4% of the cohort). Compared to women with no infertility, the incidence of serous (aHR 1.66, 95% CI 1.11-2.47) and clear-cell tumors (aHR 2.97, 95% CI 1.03-8.59) was higher in women with infertility diagnoses in the multivariable adjusted analyses. Having had an ART birth was associated with a higher incidence of serous (aHR 2.08, 1.18-3.65), endometrioid (aHR 3.50, 95% CI 1.42-8.58), clear-cell (aHR 8.04, 95% CI 2.20-29.35) and other or unspecified carcinomas (aHR 3.98, 95% CI 1.71-9.28). Further, the aHR of mucinous tumors was 1.35 (95% CI 0.47-3.85) and of non-epithelial tumors 1.95 (95% CI 0.77-4.96) among women with ART births, compared to women with no infertility although the confidence intervals were wide.
After excluding the first year of follow-up (Supplementary table 4) the aHR of ovarian cancer among women with ART birth was 2.46 (95% CI 1.73-3.49) compared to women with no infertility diagnosis or ART birth, and 1.81 (95% CI 1.18-2.78) compared to women with infertility diagnoses and no ART birth. Adjusting for BMI (Supplementary  table 5 ) or smoking during pregnancy ( Supplementary  table 6 ) did not substantially change the results from the main analyses, and neither did excluding women born in non-Nordic countries ( Supplementary table 7 ).
Association between ART and incidence of BOT
BOT incidence was higher in women with infertility diagnoses (HR 1.43, 95% CI 1.04-1.98) and women with ART births (HR 1.97, 95% CI 1.34-2.89) compared to women with no infertility diagnosis or ART birth in the age-adjusted analysis ( Table 3 ). In the multivariable analysis, BOT incidence was higher among women with ART birth (aHR 1.91, 95% CI 1.27-2.86) and in women with infertility diagnoses (aHR 1.29, 95% CI 0.93-1.79). Compared to women with infertility diagnoses, the aHR of BOT was 1.48 (95% CI 0.90-2.44) in women with ART birth. When stratifying infertility or ART by first birth (Supplementary table 8) , the incidence of BOT was higher in women with primary infertility (aHR 1.73, 95% CI 1.21-2.47), but not secondary 
Discussion
Our results indicate that women who have gone through ART have an elevated risk of ovarian cancer and BOT. At least part of this effect seems to be associated with the underlying infertility, since the effect was smaller when compared to women with infertility diagnoses and non-ART birth. As both the causes and severity of infertility may differ between infertile women who conceived with and without ART, we cannot conclude if ART treatment itself may play a role in the development of ovarian cancer or BOT. The findings from analyses stratified by ovarian cancer subtype did not suggest that the risk is specifically higher for any histological subtype. Women who conceived using ART had a higher risk of serous, endometrioid, clear-cell and other or unspecified ovarian carcinoma, compared to women with no infertility or ART birth. However, these results are based on small numbers of cases and should be interpreted cautiously.
The strengths of our study include the large population and the practically complete follow-up of the women. By utilizing Swedish population-based registers we were able to accurately identify incident ovarian tumors as well as control for many important confounding variables while eliminating the risk of recall bias. In addition, the mean age at diagnosis was similar among women with and without ART births indicating that there was no detection bias due to closer surveillance of women going through ART. Some limitations need to be considered when interpreting our findings.
Despite the large study population, our results were still based on few cases since the outcomes are rare and should be interpreted with caution, especially for ovarian cancer subtypes. The median age at diagnosis in Sweden is 62 years for ovarian cancer and 55 years for BOT [22] . The identified cases therefore consisted mainly of women with early onset disease. Further, there was no information available on the number of ART cycles each woman had gone through, the total gonadotropin dose or ART cycles that did not lead to live births. Therefore we were not able to investigate a dose-response relationship between ART use and ovarian cancer risk. Neither did we have information on oral contraceptive use. Oral contraceptive use has been associated with a lower risk of ovarian cancer [27] , and could potentially bias the results if women who have gone through ART use less oral contraceptives or none at all after detection of their infertility. As the Swedish Patient Register does not cover primary health care, and specialist out-patient care has only been included since 2001, some women with infertility were likely classified as non-infertile. This could bias the results towards the null when comparing women with and without infertility diagnoses. It is also possible that the causes and severity of infertility differed between infertile women who conceived with and without ART. Additionally, the registry provided no information on whether the infertility was due to male or female factors, which could have further separated potential effects of treatment from that of the underlying infertility. Finally, we were not able to distinguish between high and low-grade serous carcinoma, or subtypes of borderline ovarian tumors. A recent study from Great Britain found a higher risk of both invasive and borderline ovarian tumors among women who had assisted reproduction, compared to the general population [18] . The increased risk appeared limited to women with endometriosis or low parity. Since the cause of infertility was unavailable for most women in this study, we could not investigate the influence of endometriosis. A previous Swedish cohort study investigating cancer risk among women who gave birth after ART showed a higher risk of ovarian cancer compared to women with spontaneous conception [16] , and a cohort study from Israel [13] also showed an increased risk of ovarian cancer associated with IVF treatments, although based on very few cases. Both of these last studies also used population control groups. However, most previous studies of cancer risk following ART have not found any statistically significant associations with ovarian cancer [7, 12, 14, 15, 17, 19, 20] , including those comparing ART exposed women to untreated infertile women [7, 19, 20] . The 2016 guidelines published by the American Society for Reproductive Medicine (ASRM) concluded that "based on available data, there does not appear to be a meaningful increased risk of invasive ovarian cancer […] following the use of fertility drugs" [1] . However, several of the more recent studies have reported point estimates of between 1.3 and 1.6 for ovarian cancer after ART treatment [7, 12, 14, 19, 20] . These are also similar to the standardized incidence ratio of 1.4 reported in the British study [18] , suggesting that the studies included in the ASRM review could have been underpowered to identify a modest increase in risk. In addition, while the Dutch study [20] did not find an overall association between ART and ovarian cancer, they reported an increased risk after ART among women with at least 15 years of follow-up. Due to age truncation in our study cohort, the majority of women with ART births were below 60 years of age at end of follow-up and no ovarian cancer was diagnosed in women above 60 years of age in this group. Since ovarian cancer is more likely to be diagnosed in women above 60 years of age, larger studies with longer follow-up are required to fully investigate the potential associations with infertility and ART. Similar to a recent Norwegian study [12] , we found an increased risk of BOT in women with ART births compared to women who conceived spontaneously. Two previous studies have reported an increased risk of BOT also when comparing to other infertile women [20, 21] . In our study, the effect was smaller when comparing to women with infertility diagnoses, suggesting that the increased risk was confounded by the underlying infertility. The discrepancies in the results between studies could be due to differences between the study populations, for instance population size, number of ART exposed women and length of follow-up. There may also be socioeconomic differences between the study populations, since the patient cost of ART differs by country. Although up to three cycles of ART are provided within the Swedish tax-funded healthcare system, women with higher education were more likely to use ART in our study.
In summary, women who have given birth following ART may be at an increased risk of ovarian cancer. However, any risk increase should be considered in relation to the relatively low incidence of ovarian cancer in the general population. Of 1000 Swedish women, five are expected to be diagnosed with ovarian cancer before 65 years of age [28] . Based on the results of our study, seven out of 1000 women with infertility-related diagnoses and non-ART births, and 11 out of 1000 women with ART births are likely to get ovarian cancer before age 65. In other words, the difference in risk between infertile women conceiving with and without ART is only four in a thousand. Which types of infertility, as well as what aspects of the fertility treatment, may predispose women to an increased risk of ovarian cancer after ART should be investigated further.
Women who have given birth following ART may be at an increased risk of ovarian cancer and BOT. Part of that risk seems to be explained by the underlying infertility. Furthermore, since the causes and severity of infertility likely differ between women who go through ART and infertile women who conceive without ART, we are unable to conclude whether the treatment itself could be contributing to the higher risk seen in the women. As ART is relatively new and ovarian cancer most often presents in women of older ages, large population-based studies with infertile comparison groups and longer follow-up are needed in order to confirm or refute our findings.
